Abstract -Tropilaelaps mite samples were collected from 72 locations in 25 provinces throughout China. The mitochondrial DNA cox1 and ribosomal ITS1-5.8S-ITS2 fragments of Tropilaelaps mites were surveyed for sequence variation or the presence or absence of specific restriction sites that differentiate four species of Tropilaelaps mite (Tropilaelaps clareae, Tropilaelaps mercedesae, Tropilaelaps koenigerum, and Tropilaelaps thaii). Based on these identified diagnostic characters, all samples in this study corresponded to T. mercedesae, which has been mistaken for T. clareae until now. None of the other Tropilaelaps species were found infesting Apis mellifera in China. A total of 73 cox1 haplotypes and 104 ITS1-5.8S-ITS2 haplotypes were discovered in this study. Haplotype analysis revealed that there is no association between geographic distance and genetic distance among populations. The results of the present study clarified the taxonomic status and biogeography of Tropilaelaps mites in China, and should have implications for the control and bee quarantine efforts in China.
INTRODUCTION
Mites of the genus Tropilaelaps are ectoparasites of honeybees Apis native to Asia (Delfinado and Baker 1961; Laigo and Morse 1968) . The primary host of Tropilaelaps mites was recognized as the "giant" honeybee, Apis dorsata (Laigo and Morse 1968; Anderson and Morgan 2007) , but they are able to infest a wide spectrum of honeybee species raging from Apis mellifera, Apis cerana, Apis dorsata, Apis florae and Apis laboriosa (Bailey and Ball 1991; Schmid-Hempel 1998) . However, Tropilaelaps mites appear to be particularly problematic in A. mellifera (Burgett et al. 1983; de Jong et al. 1982; Laigo and Morse 1969) . Similar to Varroa destructor Anderson and Trueman (Acari: Varroaidae) , Tropilaelaps mites infect brood, suck haemolymoph, and can cause brood malformation, death of individual bees, and subsequent colony decline or absconding.
At least four species of Tropilaelaps have been recognized, namely Tropilaelaps clareae Delfinado and Baker, Tropilaelaps mercedesae Anderson and Morgan, Tropilaelaps koenigerum Delfinado-Baker and Baker and Tropilaelaps thaii Anderson and Morgan. T. clareae is a parasite of the native honey bee Apis dorsata breviligula and is also a parasite of the introduced honey bee A. mellifera in the Philippines and the native honey bee species Apis dorsata binghami on the Sulawesi Island in Indonesia. T. mercedesae, which has been mistaken as T. clareae until now, together with T. koenigerum, parasitizes the native Apis dorsata dorsata in mainland Asia and Indonesia (except the Sulawesi Island). T. mercedesae is also a parasite of A. mellifera in these and surrounding regions and, together with another species, T. thaii, also parasitises A. laboriosa in mountainous Himalayan regions (Anderson and Morgan 2007) .
In China, Tropilaelaps mites are serious ectoparasites of A. mellifera (Zeng 2003; Luo et al. 2008) , but the true identity of Tropilaelaps mites infesting A. mellifera has been poorly studied. Initially, the mites detected on A. mellifera in China have been thought to be T. clareae (Woyke 1994) . But recently two samples from A. mellifera and one sample from A. dorsata dorsata in China were identified as T. mercedesae by Anderson and Morgan (2007) . This study suggested that the T. mercedesae has been observed in A. mellifera and A. dorsata in China, but it is still unclear how many species of Tropilaelaps mites occur in China and whether A. mellifera is parasitized by more than one species of Tropilaelaps mites.
Morphological studies of Tropilaelaps species were reported by Anderson and Morgan (2007) , while differentiation of Tropilaelaps mites based principally on morphology is difficult and requires taxonomical skills. More recently, nuclear ribosomal DNA (rDNA) has been widely used to differentiate closely related organisms, particularly at interspecific level (Hillis and Davis 1986; Hillis and Dixon 1991; Odorico and Miller 1997) . Mitochondrial DNA (mtDNA) has also been widely employed in phylogenetic studies of animals, because it evolves much more rapidly than nuclear DNA, resulting in the accumulation of differences between closely related species (Brown et al. 1979; Moore 1995; Mindell et al. 1997) .
In this study, we surveyed samples of Tropilaelaps mites for sequence variation and diagnostic restriction sites in the mtDNA cox1 and nuclear rDNA ITS1-5.8S-ITS2 regions, because a previous study (Anderson and Morgan 2007) has shown that these genetic markers were useful in distinguishing four species of Tropilaelaps mites: T. clareae, T. mercedesae, T. koenigerum, and T. thaii. We also analyzed the genetic variation and geographic distribution of cox1 and ITS1-5.8S-ITS2 haplotypes.
MATERIALS AND METHODS

Sampling and DNA extraction
Samples of adult Tropilaelaps mites were collected from 72 different locations in 25 provinces throughout China in 2007, 2008, and 2009 . The locations and collection details of the Tropilaelaps mites examined are described in Table I and shown in Figure 1 , the geographic coordinates for the sampling locations are provided in Table II . Mites were collected alive from the capped worker or drone brood cells, and some mites were also collected from the hive bottom boards within 24 h following the placement of plastic strips impregnated with acaricide (Apistan) between brood frames. All mites were killed and preliminarily identified based on morphology according to Anderson and Morgan (2007) . Samples were preserved in absolute ethanol and kept at −20°C until laboratory processing.
Total DNA was extracted from each mite following the procedure of Garnery et al. (1993) . A total of 210 mites were subjected to both cox1 and ITS1-5.8S-ITS2 sequence analyses, and additional 429 mites were used for analysis by polymerase chain reaction (PCR)-restriction fragment length polymorphism analysis.
PCR amplification and sequencing
of cox1 and ITS1-5.8S-ITS2
The cox1 region of the mtDNA was amplified by PCR (Saiki 1990 ) using the following thermal profile: 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 47°C for 30 s, 72°C for 30 s, and a final extension of 10 min at 72°C. The ITS1-5.8S-ITS2 region was amplified following the same PCR conditions with the exception of annealing temperature which was 54°C. The reaction volume of 50 μL contained 50 ng genomic DNA, 1.0 μmol/L of each primer, 500 μmol/L of each dATP, dGTP, dTTP, and dCTP, and 1.5 units of Takara Taq polymerase. Reactions were buffered by addition of the PCR buffer (Takara Shuzo Co., Ltd.) containing 1.75 mmol/L MgCl 2 . The primers for amplifying cox1 and ITS1-5.8S-ITS2 were described by Anderson et al. (1998) and White et al. (1990) respectively.
The PCR products were purified and cloned into the T-Easy vector (Promega). The recombinant plasmid was used to transform the competent 1/1/6/6 Tm (C3, C46; S13)
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Restriction analysis of amplified cox1 and ITS
Species-specific markers were used as described by Anderson and Morgan (2007) to confirm the identity of Tropilaelaps mites of China. Cox1 fragments were digested with restriction enzymes FauI, BsrI, BstYI, SwaI, and ITS1-5.8S-ITS2 with RsaI. The digests were analyzed by electrophoresis through 2.0% MetaPhor agarose gels (FMC) and visualized under a UV transilluminator after staining with ethidium bromide.
Data analysis
The nucleotide sequences were analyzed using BLAST (Altschul et al. 1990 ) and Clustal W (Thompson et al. 1994) . The genetic diversity of the haplotypes (H) and nucleotides (P) was calculated by using the DnaSP program (Rozas et al. 2003) . Phylogenetic relationships among haplotypes were estimated by using the MEGA program (Kumar et al. 2004) , based on the neighbor-joining (NJ) algorithm and the Tamura-Nei genetic distance model. Bootstrap support was calculated by means of 1,000 replicates, with 70% support considered wellsupported (Hillis and Bull 1993; Efron et al. 1996) . In order to confirm the identity of Tropilaelaps mites in China, the mtDNA cox1 haplotypes in this study were compared with those available in previous inquiries, from Thailand, EF025445.1 (T. mercedesae); Vietnam, EF025452.1 (T. thaii); Mindoro, EF025464.1 (T. clareae); Sumatra, EF025451.1 (T. koenigerum); and the ITS1-5.8S-ITS2 haplotypes were compared with those from Sri Lanka, EF025472.1 (T. mercedesae); Thailand, AF544013.1 (T. clareae); Vietnam, EF025477.1 (T. thaii); Figure 1 . Map of China showing sampling locations (1-70) of mite specimens used in this study. Names of the localities are given in Table I . 
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Lombok-EF025475.1 (T. koenigerum). All of these sequences except AF544013.1 (Tangjingjai et al. 2003) were from Anderson and Morgan (2007) .
RESULTS
All mites in this study were preliminarily identified as T. mercedesae based on morphology according to Anderson and Morgan (2007) . The identities of mites were confirmed by their cox1 and ITS sequences or restriction enzyme analyses are summarized in Table I .
Analysis of cox1 sequences
All of the amplified cox1 fragments from Tropilaelaps mite in this study were 538 bp in length, and showed a high level of similarity (97-100%) to that of T. mercedesae described by Anderson and Morgan (2007) , but lower similarity to T. thaii (88%), T. clareae (88%), T. koenigerum (86%). There was a difference between all Tropilaelaps mite in the present study and previously reported T. mercedesae at the site of 514 bp (Figure 2 ), they were G:C base pairs instead of T:A base pairs. Alignment of the cox1 sequences of Tropilaelaps mite in China were shown in Figure 2 [the GenBank accession no. were HQ533148 (HN5), HQ533149 (JX3), H Q 5 3 3 1 5 0 ( H e B 3 ) , H Q 5 3 3 1 5 1 ( S X e 2 ) , H Q 5 3 3 1 5 2 ( G D 1 ) , H Q 5 3 3 1 5 3 ( S X w 2 ) , HQ533154(YN2), HQ533155(GZ6), HQ533156 (HuB2), HQ533157(GX1), HQ533158(NX1), and HQ533159 (LN1)]. Cox1 sequences of T. mercedesae in this study exhibited low levels of nucleotide diversity (P): 0.00396 ± 0.00018 (mean±standard), while, haplotypic diversity (H) was relatively high: 0.654±0.044. A total of 73 haplotypes were found (sites with alignment gaps were considered) from 202 sequenced individuals (eight mites were not successfully amplified), the haplotype C3 being the most frequent (53.96%). Haplotype analysis revealed that there was no association between geographic distance and genetic distance among populations, because identical haplotypes have been widely distributed geographically (e.g., C3). Phylogenetic analyses performed under all three optimality criteria (maximum parsimony, maximum likelihood, and neighbor-joining) produced similar results. Hence, only the NJ analyses are reported here. Branches supported by more than 50% of the bootstrap replicates were indicated (Figure 3 ). NJ analysis revealed that all haplotypes in China grouped closely with haplotype from T. mercedesae recently described by Anderson and Morgan (2007) . Indeed, all of the cox1 haplotypes in China and T. mercedesae (data available in GenBank) formed tight, monophyletic clusters supported by high bootstrap values (99%). The NJ topology also supported that these mites were separable from the T. clareae, T. koenigerum, and T. thaii described by Anderson and Morgan (2007) .
ITS1-5.8S-ITS2 sequences analysis
The ITS4 and ITS5 primers amplified a single DNA fragment from each of the mite samples. The sequences were 99% similar to the ITS1-5.8S-ITS2 sequence of T. mercedesae, 96% similar to T. clareae, 96% similar to T. thaii and 92% similar to T. koenigerum described by Anderson and Morgan (2007) . Alignment of the ITS1-5.8S-ITS2 sequences of Tropilaelaps mite in China is shown in Figure 4 [the GenBank accession no. were HQ533160 (CQ1), HQ533161(HuB1), HQ533162(HN1), H Q 5 3 3 1 6 3 ( G Z 3 ) , H Q 5 3 3 1 6 4 ( H u N 1 ) , H Q 5 3 3 1 6 5 ( S X e 3 ) , H Q 5 3 3 1 6 6 ( S X w 1 ) , HQ533167(NM1), HQ533168(ZJ2), HQ533169 (CQ2), HQ533170(HuN1), and HQ533171 (AH2)]. ITS1-5.8S-ITS2 sequences of T. mercedesae in this study exhibited low levels of nucleotide diversity (P): 0.00479 ± 0.00057, while haplotypic diversity (H) was relatively high: 0.8691±0.020. A total of 104 haplotypes (sites with alignment gaps were considered) were discovered from 210 sequenced individuals (Table I) . Haplotype S13, S15, and S18 were the most frequent (10.47%, 10%, and 8.57% respectively). Haplotype analysis also revealed that there was no association between geographic distance and genetic distance among populations.
Phylogenetic analysis of the ITS haplotypes resulted in a neighbor-joining tree ( Figure 5 ) that was similar to that based on mitochondrial data (Figure 3) . Branches that were supported by more than 50% of the neighbor-joining bootstrap replicates are indicated. Phylogenetic relationship analysis also revealed that all ITS1-5.8S-ITS2 haplotypes in this study grouped in one cluster with T. mercedesae described by Anderson and Morgan (2007) , even though the bootstrap value was only moderately high (72%). This tree also indicated that Tropilaelaps mites in China were distinct from the T. clareae, T. koenigerum, and T. thaii.
Restriction enzyme markers for identifying Tropilaelaps mites
The particular restriction sites surveyed here were selected because previous studies have shown no variation within each of the four Tropilaelaps species, but reliable differences among species. Restriction enzyme analyses on 429 mites from each location in this study confirmed that mite samples from different locations were invariant. All samples showed typical restriction patterns of the T. mercedesae: the BsrI site in cox1 and the RsaI site in ITS1-5.8S-ITS2 were present, and the SwaI, FauI, BstYI sites in cox1 was absent.
DISCUSSION
Based on the sequence variation or specific restriction sites in cox1 and ITS1-5.8S-ITS2 fragments, all Tropilaelaps mites examined in this study were shown to represent T. mercedesae, which has been mistaken for T. clareae until now. Thus, our results clarify the taxonomic status of Tropilaelaps mites infesting A. mellifera in China.
These results confirm a similar finding by Anderson and Morgan (2007) . We did not detect T. clareae, T. koenigerum, and T. thaii infesting A. mellifera in China. This may be explained by the fact that none of these mite species has been detected in A. dorsata in China (Anderson and Morgan 2007) , which is the natural host of Tropilaelaps mites. Thus, in China, only the species T. mercedesae may have been available to transfer to A. mellifera as an alternate host.
More recently, the health of honeybee is drawing special attention because of reported declines in bee colonies and the "ecosystem services" they provide. This issue has been brought to even more attention by recent devastating losses of honey bees throughout North America (so called, "Colony Collapse Disorder"; Otterstatter and Thomson 2008; vanEngelsdorp et al. 2009 ); yet, we still have little understanding of the cause(s) of bee declines. Although there were no reports of high losses in China, honeybee health has gained special attention in the past 3 years. Although Tropilaelaps is one of the major threats for the health of A. mellifera in Asia, it has received comparatively little scientific interest to date and basic studies are still lacking. Several areas of research should be addressed. For example, given the lack of samples from A. dorsata in this study, maybe other Tropilaelaps haplotypes or species await discovery in A. dorsata in China. Also, the relationship among Tropilaelaps mites, A. dorsata and A. mellifera is not clear, and how Tropilaelaps actually damages these hosts. Next, we need to determine whether any of these newly described Tropilaelaps species will also cross-infest the endemic domesticated honeybee, A. cerana. Then, epidemiological studies to identify relevant and potentially avoidable exposures are very important. Finally, additional research on in vitro culture of Tropilaelaps mites is needed, although laboratory methods for culturing T. clareae were developed by Rath (1991) . Anderson 
Identification of Tropilaelaps mites in China
